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Mammalian septins are GTP-binding proteins
the functions of which are not well understood.
Knockdown of SEPT2, 6, and 7 causes stress
fibers to disintegrate and cells to lose polarity.
We now show that this phenotype is induced
by nuclear accumulation of the adaptor protein
NCK, as the effects can be reversed or induced
by cytoplasmic or nuclear NCK, respectively.
NCK is carried into the nucleus by SOCS7
(suppressor of cytokine signaling 7), which
possesses nuclear import/export signals.
SOCS7 interacts with septins and NCK through
distinct domains. DNA damage induces actin
and septin rearrangement and rapid nuclear
accumulation of NCK and SOCS7. Moreover,
NCK expression is essential for cell-cycle
arrest. The septin-SOCS7-NCK axis intersects
with the canonical DNA damage cascade
downstream of ATM/ATR and is essential for
p53 Ser15 phosphorylation. These data illumi-
nate an unanticipated connection between
septins, SOCS7, NCK signaling, and the DNA
damage response.
INTRODUCTION
Since their initial discovery in budding yeast, septins have
been identified in all eukaryotes except plants (Longtine
et al., 1996; Spiliotis and Nelson, 2006). However, the
functions of these proteins in higher organisms remain
unclear. There are 13 mammalian septins, as well as
multiple splice variants (Hall et al., 2005). Some are
expressed ubiquitously, while others are restricted to spe-
cific tissues and to postmitotic cells (Hall et al., 2005). As in
yeast, the mammalian septins have been implicated in
mitosis and cytokinesis, although their mechanism is
unclear (Kinoshita et al., 1997; Longtine et al., 1996; Spilio-
tis et al., 2005). In addition, septins are essential for sperm
morphogenesis (Ihara et al., 2005; Kissel et al., 2005);Cothers are expressed predominantly in the brain, where
they may be involved in regulated exocytosis (Spiliotis
and Nelson, 2006; Xue et al., 2004).
Yeast septins are better understood. They organize into
a ring at the emerging bud neck and are required for
proper cell division (reviewed in Longtine et al., 1996;
Spiliotis and Nelson, 2006). The septin ring also is a key
element in morphogenetic checkpoints that respond to
DNA damage (Enserink et al., 2006; Smolka et al., 2006)
and perturbations in the actin cytoskeleton (Kadota
et al., 2004; Keaton and Lew, 2006). Additionally, septins
function in the mitotic exit checkpoint as a scaffold for
a microtubule sensor (Castillon et al., 2003; Kusch et al.,
2002). Thus, septins may coordinate microtubule and
actin functions during cell division and DNA damage-
induced arrest in yeast.
Mammalian septins may also coordinate microtubule
and actin dynamics. SEPT2 and 9 colocalize with microtu-
bules (Spiliotis et al., 2005; Surka et al., 2002; Vega and
Hsu, 2003), and SEPT2, 6, and 7 form a heteromeric olig-
omer that can regulate the microtubule cytoskeleton
(Kremer et al., 2005; Low and Macara, 2006; Sheffield
et al., 2003). The SEPT2/6/7 complex associates with
actin stress fibers and can be coprecipitated with anillin
and actin (Joberty et al., 2001; Kinoshita et al., 1997,
2002). SEPT9 has been associated with Rho signaling
and can modulate actin dynamics via an interaction with
the Rho effector rhotekin and inhibition of the Rho activa-
tor SA-RhoGEF (Ito et al., 2005; Nagata and Inagaki,
2005). Furthermore, SEPT9 can form trimeric complexes
with SEPT7 and 11, which in turn colocalize with actin
stress fibers (Nagata et al., 2004). Though a reciprocal
relation between septin filaments and actin has been
established, the biological relevance of interactions be-
tween mammalian septins and the actin cytoskeleton is
not well understood.
We now describe a novel signaling pathway that links
the SEPT2/6/7 complex to actin organization and cell mor-
phology. The septins act through the signaling protein
SOCS7 (suppressor of cytokine signaling 7) to restrict
the nuclear accumulation of the adaptor protein NCK,
which is involved in the coordination of receptor tyrosine
kinases, focal adhesions, and the actin cytoskeleton
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filaments, SOCS7 recruits NCK into the nucleus. More-
over, depletion of NCK from the cytoplasm triggers the
dissolution of actin stress fibers and loss of cell polarity.
We have also determined that the association between
septins, SOCS7, and NCK plays a role in the DNA damage
checkpoint response. NCK rapidly and efficiently enters
the nucleus following DNA damage and is necessary for
UV-induced cell-cycle arrest. Furthermore, nuclear NCK
is essential for activation of the tumor suppressor p53 in
response to UV-induced DNA damage. Thus, we have
identified a novel link between mammalian septins and
actin via the SOCS7/NCK signaling pathway that couples
the regulation of the DNA damage response to the
cytoskeleton.
RESULTS
Silencing of SEPT2, 6, and 7 Causes Actin
Cytoskeleton Remodeling and Changes
in Cell Shape
To characterize the role of mammalian septins in actin
organization, we targeted three septins (SEPT2, 6, and
7) that form a heteromeric complex in vivo and in vitro
(Joberty et al., 2001; Low and Macara, 2006; Sheffield
et al., 2003). The expression of these septins is coupled,
so that a reduction in any one of them causes a decrease
in the expression of the other two (Kinoshita et al., 2002;
Kremer et al., 2005). We previously generated a set of
siRNAs that efficiently silence SEPT2, 6, and 7 in HeLa
cells (Kremer et al., 2005). Septin depletion grossly
affected the actin cytoskeleton and cellular morphology
(Figure 1A; see also Figure S1A in the Supplemental
Data available with this article online). In control cells,
the actin stress fibers were clearly visible and aligned
with the long axis of the cell. By contrast, the septin-
depleted cells were unpolarized, and actin was present
as small fibrils throughout the cell. Any remaining stress
fibers lost direction and formed disordered clusters. Sim-
ilar results were observed following septin depletion in
Ref52 andCHO cell lines (data not shown). As an objective
measure of cellular morphology, we calculated the mean
‘‘shape factor,’’ 4pA/P2, where A is the cell area and P is
the perimeter. Shape factor values vary between 1 (per-
fect circle), and 0 (straight line). As shown in Figure 1B
and Figure S1B, septin knockdown significantly increased
the shape factor of the cells.
To further examine the septin regulation of the actin
cytoskeleton, we tested the ability of septin-depleted cells
to spread on a fibronectin-coated surface, a process me-
diated by focal complexes and actin (reviewed in Martin
et al., 2002). Control and septin-depleted cells were
replated onto fibronectin-coated surfaces and fixed at
various time points, and the cellular areas weremeasured.
At t = 5 min, septin-depleted cells were the same size as
control-transfected cells (Figures 1C and 1D). However,
septin-siRNA-transfected cells spread more rapidly than
control cells; after 30 min, they were significantly larger
than control cells (Figures 1C and 1D) and had significantly838 Cell 130, 837–850, September 7, 2007 ª2007 Elsevier Inc.more focal complexes (data not shown). Together, these
results show that SEPT2, 6, and 7 are required for normal
organization of the actin cytoskeleton and for actin-
dependent processes such as cell spreading on extracel-
lular matrix.
Septins Restrict NCK to the Cytoplasm
To determine how septins regulate the actin cytoskeleton,
we screened septin-depleted cells for the relocalization of
proteins that may impact actin dynamics. Interestingly,
the adaptor protein NCK accumulated in the nuclei of
septin-depleted cells (Figures 2A and 2B). NCK has two
isoforms, NCK1 and NCK2, both of which contain three
SH3 domains, an SH2 domain, and no classical nuclear
localization signal (NLS). NCK functions in signal trans-
duction from tyrosine kinases to the actin cytoskeleton
(reviewed in Buday et al., 2002).
In control cells, NCK was almost exclusively cytoplas-
mic (Figure 2B). By contrast, NCK accumulated in the
nuclei of virtually all septin-depleted cells. Immunoblots
of lysates from NCK-depleted and NCK-overexpressing
cells verified that our antibodies were specific and recog-
nized both isoforms of NCK (Figures S2A and S2B). In
addition, myc-tagged NCK1 was cytoplasmic when
expressed in control cells but became diffuse throughout
the cytoplasm and nucleus in septin-depleted cells (Fig-
ure 3D). Importantly, this relocalization was specific to
NCK. The distribution of the adaptor protein p130Cas
was unchanged by septin-siRNA transfection (Fig-
ure S2C), even though NCK can bind to p130Cas (Zhu
et al., 1998). Thus, septin depletion induces a selective
redistribution of NCK to the nucleus.
NCK Is Required for Actin Reorganization
in Response to Septin Depletion
The redistribution of NCK to the nucleusmightmediate the
septin knockdown phenotype or might simply be an
epiphenomenon. To distinguish between these possibili-
ties, we transfected cells simultaneously with siRNAs
against sept7, nck1, and nck2. Knockdown efficiency
was similar in all cases (Figure 2C). Those cells depleted
only of NCK were long and polar, with actin stress fibers
aligned along the long axis of the cell, as in control cells.
Therefore, the absence of NCK is not sufficient to induce
actin reorganization. Cells depleted only of septins were
flat and round, as described above (Figures 2D and 2E).
Importantly, however, cells reverted to a normal morphol-
ogy when simultaneously depleted of septins and NCK
(Figures 2D and 2E). These cells had a lower shape factor
value and contained visible actin stress fibers with normal
distribution. We conclude that NCK expression is required
for cells to respond to loss of septins and is in a pathway
downstream of or parallel to the septin-actin axis.
We next asked whether NCK is sequestered in the cyto-
plasm or instead shuttles constitutively in and out of the
nucleus. HeLa cells were treated for 1 hr with leptomycin
B (LMB), a specific inhibitor of Crm1-mediated nuclear
export (Kudo et al., 1999). NCK rapidly accumulated in
Figure 1. Septin Depletion Leads to Changes in Cell Morphology, Actin Cytoskeleton Organization, and Cell Spreading
(A) Septin knockdown changes cell morphology and actin organization. Control or septin-depleted HeLa cells were fixed and stained with phalloidin
and anti-SEPT2. Scale bars = 10 mm.
(B) Quantification of cell morphology. Areas and perimeters of at least 25 cells from three separate experiments were determined. Graph represents
the shape factor (4pA/P2). *p < 0.001 versus control. In this and all other figures, error bars represent ±SEM.
(C) Septin knockdown alters cell spreading on fibronectin. Control or septin-depleted HeLa cells were replated onto fibronectin-coated slides and
fixed at 5, 10, 15, and 30 min; samples of 5 min (left) and 30 min (right) are shown. Scale bars = 20 mm.
(D) Quantification of cell spreading on fibronectin. Areas of at least 50 cells from two separate experiments were calculated for each time point. *p <
0.001 versus control at the same time point.the nucleus after exposure to LMB (Figures S2D and S2E).
Therefore, we conclude that endogenous NCK constitu-
tively shuttles between the cytoplasmic and nuclear com-
partments and that septins regulate the dynamics of this
process.
Nuclear Accumulation of NCK Drives Actin
Reorganization
We next asked whether the redistribution of NCK to the
nucleus drives the loss of stress fiber integrity. To address
this, we created a fusion of myc-NCK1 with a nuclear ex-
port signal (NES) to maintain myc-NCK1 in the cytoplasm.
We transfected cells with control or anti-septin siRNAs,
then cotransfected them with NES-NCK1 or, as a control,Cmyc-GFP-GFP-RanBP1 (GGBP1), a shuttling protein that
is cytoplasmic at steady state (Richards et al., 1996). The
cells were stained for the myc epitope to identify trans-
fected cells (Figure 3A), as well as for SEPT2 to verify
knockdown efficiency (data not shown).
In both the control and septin-depleted cells, GGBP1
remained in the cytoplasm, proving that the relocalization
of endogenous NCK was not due to a global failure of nu-
cleocytoplasmic trafficking. The expression of GGBP1 did
not affect the actin cytoskeleton or cell shape (Figures 3A
and 3E). Importantly, however, the constitutively cytoplas-
mic NES-NCK1 reversed the morphological phenotype
induced by septin depletion (Figures 3A and 3E). Addition-
ally, on fibronectin-coated surfaces, septin-depleted cellsell 130, 837–850, September 7, 2007 ª2007 Elsevier Inc. 839
Figure 2. Septin Depletion Induces Nuclear Accumulation of the Adaptor Protein NCK, which Mediates Actin Reorganization
(A) Septin depletion induces nuclear accumulation of NCK. Control or septin-depleted HeLa cells were stained with DAPI and mouse anti-NCK and
imaged by confocal microscopy. Scale bars = 10 mm.
(B) Quantification of NCK accumulation. At least 150 cells from two separate experiments were imaged randomly and scored for localization of
endogenous NCK.
(C) Efficiency of dual septin/NCK depletion. Control, septin siRNA, nck siRNA, or septin+nck siRNAHeLa cells were lysed and blotted for SEPT6, NCK,
and Ran.
(D) NCK is necessary for effects of septin depletion on cell morphology and the actin cytoskeleton. HeLa cells were fixed and stained with phalloidin to
visualize actin and cellular morphology. Scale bars = 10 mm.
(E) Quantification of effect of double SEPT7/NCK depletion on cellular morphology. Shape factors for at least 60 cells from two separate experiments
were calculated. *p < 0.001 versus all other conditions.that expressed the NES-NCK1 fusion no longer spread as
rapidly as septin-depleted cells that expressed GGBP1
(Figure 3B) and were indistinguishable in size from wild-
type (WT) cells (Figure 3C). Thus, the ectopic expression
of a constitutively cytoplasmic NCK can reverse the
loss-of-septins phenotype, even though endogenous
NCK presumably still accumulates in the nucleus. This
result argues that the loss of NCK from the cytoplasm is
responsible for the effects of septin depletion on the actin
cytoskeleton.
To confirm this conclusion, we expressed myc-tagged
NCK without an NES. This construct distributed diffusely840 Cell 130, 837–850, September 7, 2007 ª2007 Elsevier Inc.throughout the cell, both within the nucleus and in the
cytoplasm. Nonetheless, it reversed the cell-rounding
phenotype (Figures 3D and 3E), supporting the idea that
cell rounding is caused by depletion of NCK from the
cytoplasm rather than through any specific action of
NCK within the nucleus.
How can these data be reconciled with our observation
that silencing of NCK expression does not disrupt the actin
cytoskeleton?One possibility is that the effect is indirect—
that nuclearNCK sequesters a binding partner and that the
loss of this partner from the cytoplasm causes cell round-
ing. To test this hypothesis, we expressed a constitutively
Figure 3. Expression of Cytoplasmic NCK Is Sufficient to Reverse Septin-Mediated Phenotypes
(A) Expression of NES-NCK reverses the effects of septin depletion on actin and cell morphology. Control or septin-depleted HeLa cells were cotrans-
fected with myc-GG-RanBP1 or myc-NES-NCK as indicated. The cells were fixed and stained with anti-myc antibody and phalloidin. Scale bars =
10 mm.
(B) Expression of NES-NCK reverses the effects of septin depletion on cellular spreading on fibronectin. Control or septin-depleted HeLa cells were
cotransfected with myc-GG-RanBP1 or myc-NES-NCK1 and replated onto a fibronectin-coated substrate, fixed after 30 min, and stained for myc
and SEPT2. Random 203 fields were collected for each condition to determine cellular area. Scale bars = 20 mm.
(C) Quantification of effects of NES-NCK1 expression on cell spreading. The area of at least 75 cells from two separate experiments wasmeasured for
each condition. *p < 0.001 versus all other conditions.
(D) Cytoplasmic NCK is essential for normal morphology. Control or septin-depleted HeLa cells were cotransfected with myc-NCK1 or myc-
NLS-NCK1, fixed, and stained for myc and actin. Scale bars = 10 mm.
(E) Quantification of effects of NCK localization on cellular shape. Random fields were collected from three separate experiments, and the shape
factors for at least 150 cells per condition were calculated. *p < 0.001 versus NES-NCK1, myc-NCK1, and control siRNA+GG-BP1-transfected cells.Cell 130, 837–850, September 7, 2007 ª2007 Elsevier Inc. 841
nuclear NLS-NCK1 fusion protein. Strikingly, the trans-
fected cells lost their polar orientation and became more
circular. Moreover, the actin stress fibers dissolved into
small, curled filaments, as occurs after septin depletion
(Figures 3D and 3E). Therefore, the forced expression of
nuclear NCK phenocopied the effects of septin depletion,
while elevated cytoplasmic NCK reversed the effects. We
conclude that nuclear NCK sequesters an effector that
normally acts in the cytoplasm to maintain actin stress
fibers and polarized cell morphology.
SOCS7 Mediates the Nuclear Transport of NCK
NCK contains no classical NLS or NES. We hypothesized,
therefore, that NCK is transported through the nuclear
pores by association with an adaptor protein. One NCK-
binding protein, SOCS7, contains both an N-terminal
leucine-rich region, postulated to be a NES, and a central
basic region with homology to a classical monopartite
NLS. In addition to the predicted full-length protein, two
naturally occurring splice variants of SOCS7 lacking either
the NCK-binding domain (SOCS7 DNBD) or the NES
(NAP4) have been described (Martens et al., 2004;
Matuoka et al., 1997) (Figure S3A).
To verify that SOCS7 binds to NCK as previously re-
ported (Martens et al., 2004; Matuoka et al., 1997), we ex-
pressed myc-tagged NAP4, SOCS7 DNBD, or full-length
SOCS7 in 293T cells; immunoprecipitated cell lysates
with anti-myc antibody; and probed for coprecipitation
of endogenous NCK. The NAP4 and full-length SOCS7,
but not SOCS7 DNBD, coprecipitated specifically with
endogenous NCK (Figure S3B). We next verified the func-
tionality of the nuclear traffic signals. Myc-tagged SOCS7
localized to the cytoplasm, while LMB treatment caused
the SOCS7 to accumulate in the nucleus (Figure S3C), con-
sistent with sequence information that SOCS7 contains
a Crm1-dependent NES. In contrast, myc-NAP4, which
contains the putative NLS but lacks the N-terminal NES,
was exclusively nuclear. Next, we bound the nuclear
import factor Impa3 to beads and added cell lysate con-
taining myc-SOCS7. The myc-SOCS7 specifically copre-
cipitated with Impa3, demonstrating that SOCS7 contains
a bona fide NLS (Figure S3D).
To determine whether SOCS7 is the nuclear import
factor for NCK, we silenced expression of SOCS7 by
RNAi, then treated control or SOCS7-depleted cells with
LMB and stained for endogenous NCK. As predicted,
NCK accumulated in the nuclei of control-transfected cells
after LMB treatment, but SOCS7 depletion greatly
reduced the fraction of cells with nuclear NCK (Figures
S3E and S3F). Therefore, NCK requires SOCS7 for nuclear
import.
SOCS7 Binds to Septins and Responds
to Septin Depletion
These results raised the possibility that SOCS7 couples
septins to NCK localization. To investigate this idea, we
generated antibodies against SOCS7, then immunopre-
cipitated SEPT6 and assayed for coprecipitation of842 Cell 130, 837–850, September 7, 2007 ª2007 Elsevier Inc.endogenous SOCS7. SEPT6 specifically coprecipitated
a double band that was detected by the anti-SOCS7 anti-
body (Figure 4A, top). However, at 120–140 kDa, this band
was larger than the previously reported size of SOCS7.
Therefore, we repeated the coprecipitation in cells trans-
fected with siRNAs against SOCS7. The siRNAs reduced
the intensity of the double band by >80% (Figure 4A,
bottom), and we conclude that HeLa cells express an
unusually long splice variant of SOCS7. Only the shorter
SOCS7 variants have been previously characterized,
however (Martens et al., 2004; Matuoka et al., 1997), so
these were used in our further experiments.
To identify the specific region of SOCS7 bound by sep-
tins, myc-NAP4 or myc-SOCS7 was expressed in
HEK293T cells and assayed for binding to endogenous
SEPT6. As shown in Figure 4B, full-length SOCS7, but
not NAP4, coprecipitated specifically with the septin com-
plex, suggesting that the N-terminal domain of SOCS7
contains the septin binding site. Additionally, the isolated
N-terminus of SOCS7 fused to GFP (GFP-SOCS7(1–124))
coprecipitated with the septin complex (Figure 4C). Thus,
the N-terminal domain, which contains the NES, is both
necessary and sufficient for septin association. Of note,
GFP-NCK did not coprecipitate with SEPT6 (Figure 4C).
We next asked whether septins regulate SOCS7 locali-
zation. In control cells, full-length myc-SOCS7 was pre-
dominantly cytoplasmic. However, SOCS7 was no longer
excluded from the nucleus following septin depletion (Fig-
ures 4C and 4D). To determine whether the relocalization
is dependent on NCK binding, we transfected cells with
SOCS7 DNBD. The distribution of this deletion mutant
was indistinguishable from WT, both in control cells and
in cells depleted of septins (Figure 4C). Moreover, the
DNBD mutant accumulated in the nucleus in response to
LMB treatment (Figure S3B). We conclude that SOCS7
localization is dependent on septins and that NCK import
requires SOCS7 but that SOCS7 import is independent of
NCK binding.
SOCS7 Is Necessary for Septin Regulation of NCK
and Actin Organization
If SOCS7 is a key component of the septin-NCK-actin
pathway, then its absence should block the effects of
septin knockdown on both cell morphology/actin organi-
zation and NCK localization. To test this prediction,
we knocked down SOCS7 and/or septins and examined
the morphological response (Figure 5A). Control and
SOCS7-depleted cells were long and polar, with well-
organized actin stress fibers (Figures 5B and 5C). As
expected, cells lacking septins were large and circular,
with disordered actin. Importantly, however, cells de-
pleted of both SEPT7 and SOCS7 were indistinguishable
from control-transfected cells (Figures 5B and 5C), dem-
onstrating that the septin-depletion phenotype is depen-
dent on SOCS7 expression.
We next stained the siRNA-transfected cells for endog-
enous NCK (Figure 5D). In control cells, the NCK was
mostly cytoplasmic, and SOCS7 depletion resulted in
Figure 4. The Role of SOCS7 in the Septin-Depletion Phenotype
(A) Septins interact with endogenous SOCS7. Top: endogenous SEPT6 was immunoprecipitated from HeLa cell lysate, and the precipitates were
probed for endogenous SOCS7 and SEPT2. Bottom: endogenous SEPT6 was precipitated from control and SOCS7-depleted HeLa cells to confirm
the identity of the SOCS7 protein.
(B) Septins interact with longer-variant SOCS7, but not with the splice variant NAP4. HEK293T cells were transfected with myc-tagged NAP4 or
SOCS7. Endogenous SEPT6 was immunoprecipitated and probed with anti-myc and anti-SEPT2.
(C) SEPT6 interacts with the N-terminal region of SOCS7. GFP-tagged NCK or SOCS7 Nterm (aa 1–124) was transfected into HEK293T cells, and
endogenous SEPT6 was immunoprecipitated. Immunoprecipitates were blotted for both GFP and SEPT2.
(D) Septin depletion induces nuclear accumulation of SOCS7. Control or septin-depleted cells were cotransfected with myc-SOCS7, fixed, and
stained with DAPI, anti-SEPT2, and anti-myc. Full-length SOCS7 (top two rows) or a variant lacking the NCK-binding domain (DNBD, bottom two
rows) was used. Scale bars = 10 mm.
(E) Quantification of SOCS7 localization. At least 70 transfected cells in two separate experiments for each condition were scored for SOCS7 local-
ization. Scale bars = SEM.a small increase in the cytoplasmic/nuclear ratio (Figures
5D and 5E), consistent with our finding that SOCS7 is
the major import factor for NCK. However, although
NCK accumulated in the nuclei of septin-depleted cells,
it remained cytoplasmic in the double-knockdown cells
(Figures 5D and 5E). Thus, SOCS7 links septins to NCK
localization.
Nuclear NCK Is Necessary for DNA Damage-
Induced Cell-Cycle Arrest
A key question concerns the biological function of NCK
relocalization to the nucleus. Endogenous NCK is occa-Csionally present in the nuclei of control cells (Figure 2B),
hinting that its localization might be somehow linked to
the cell cycle. Moreover, the SEPT2/6/7 complex reorga-
nizes during cell division (Kinoshita et al., 1997; Oegema
et al., 2000; Spiliotis et al., 2005), and we wondered
whether septin depletion mimics this reorganization. To
test this idea, a GFP-NCK1 fusion was expressed at low
levels in HeLa cells, and confocal images were collected
at intervals over a period of 8 hr. However, under condi-
tions where phototoxicity was minimized, the GFP-NCK
remained exclusively cytoplasmic until nuclear envelope
breakdown (Movie S1). In contrast, at higher levels ofell 130, 837–850, September 7, 2007 ª2007 Elsevier Inc. 843
Figure 5. SOCS7 Is Necessary for the Septin Loss-of-Function Phenotype
(A) Septin depletion is equally efficient for septin single knockdown and septin-SOCS7 double knockdown. HeLa cells were transfected as indicated,
lysed, and blotted for SEPT6 and Ran.
(B) SOCS7 depletion reverses the effects of septin knockdown on morphology and the actin cytoskeleton. HeLa cells were transfected as indicated,
fixed, and stained for actin and SEPT2. Scale bars = 10 mm.
(C) Quantification of cell morphology. The shape factors of at least 100 cells from two separate experiments were determined. *p < 0.001 versus all
other conditions.
(D) Loss of SOCS7 prevents NCK relocalization in septin-depleted cells. HeLa cells were transfected as indicated, fixed, and stained with DAPI, anti-
NCK, and anti-SEPT2. Scale bars = 10 mm.
(E) NCK relocalization depends on SOCS7. NCK localization was determined as described above for at least 100 cells in two experiments.illumination (i.e., irradiation), the GFP-NCK frequently ac-
cumulated within nuclei, but after several hours, the cells
died (Movie S2). This outcome suggested that NCK might
be involved in the DNA damage response.
To explore this possibility, we subjected HeLa cells to
a variety of genotoxic stresses, including UV irradiation,
hydroxyurea, and mitomycin C, and stained the cells for844 Cell 130, 837–850, September 7, 2007 ª2007 Elsevier Inc.endogenous NCK. We also treated cells with thymidine,
which activates the ATM, CHK1, and CHK2 checkpoint
kinases without actually causing DNA damage (Bolderson
et al., 2004). Remarkably, all of these treatments resulted
in the redistribution of NCK to the nucleus (Figures 6A and
6B; Figures S4A and S4B). Moreover, nuclear accumula-
tion was rapid, occurring within 1 hr of exposure to UV
Figure 6. NCK Relocalizes to the Nucleus in Response to DNA Damage and Is Necessary for DNA Damage-Induced Cell-Cycle
Arrest
(A) NCK accumulates in the nucleus following UV irradiation. HeLa cells were UV irradiated, incubated in growthmedium for the times indicated, fixed,
and stained with DAPI and anti-NCK. Scale bars = 10 mm.
(B) Quantitation of UV-induced NCK relocalization. At least 100 cells from two separate experiments were scored for NCK localization.
(C) NCK is necessary for UV-induced cell-cycle arrest. nck+/+ and nck/ cells were UV irradiated and then lifted and counted 0 and 24 hr after
irradiation. A representative triplicate experiment is shown.
(D) NCK is necessary for UV-induced cell-cycle arrest. nck+/+ and nck/ cells were UV irradiated, cultured for 29 hr, and then lifted and PI stained for
cell-cycle analysis. To verify rescue, nck/ cells were transfected with myc-tagged NCK1 and NCK2 and then irradiated and stained as described in
Experimental Procedures. Cells with an anti-myc intensity of 102 or greater (6%–7% of the total population) were selected for cell-cycle analysis.
Values shown are the mean of at least three experiments per condition.
(E) SOCS7 enters the nucleus after UV irradiation. HeLa cells were UV irradiated, fixed, and stained with DAPI and anti-SOCS7. Scale bars = 10 mm.
(F) UV irradiation disrupts septin filaments and actin stress fibers. HeLa cells were UV irradiated, grown for the times indicated, fixed, and stained for
actin and SEPT2. Scale bars = 10 mm.radiation, and was accompanied by an increase in shape
factor values (Figure S4C). Conversely, other stressors,
including heat shock and cytochalasin D, had no effect
on NCK localization (data not shown).CTo assess whether NCK is required for the DNA damage
checkpoint response, we used WT (nck+/+) mouse embry-
onic fibroblasts (MEFs) and MEFs derived from nck1/
nck2/ double-knockout embryos (nck/) (Bladt et al.,ell 130, 837–850, September 7, 2007 ª2007 Elsevier Inc. 845
2003) and counted cell numbers 0 and 24 hr after irradia-
tion (Figure 6C). Whereas nck+/+ cells were unable to
proliferate following UV irradiation (Figure 6C, black trian-
gles), nck/ cells continued to grow (Figure 6C, black
circles). Next, we compared nck+/+ with nck/ cells by
propidium iodide (PI) DNA content analysis. Checkpoint
induction or delayed progression through a particular
phase of the cell cycle would result in an accumulation
of cells in that phase. nck/ cells had a lower background
percentage of cells in G1 than theWT cells did (Figure 6D).
In response to UV-induced DNA damage, the nck+/+ cells
accumulated in G1 and G2 as predicted (R6 trials/condi-
tion) and showed an increased percentage of sub-G1
(presumptively apoptotic) cells (Figure 6D). Strikingly,
however, the nck/ cells were not susceptible to UV-
induced cell-cycle arrest (5 trials/condition).
To verify that the failure to arrest was caused by the
absence of NCK, we investigated whether the reintroduc-
tion of NCK1 and NCK2 into the knockout cells would
resensitize them to UV radiation. Cells were costained
with PI andmouse anti-myc, and themyc-expressing cells
were selected for analysis. The overexpression of myc-
NCK in nck/ cells significantly increased the fraction of
cells in G1 (Figure 6D). This effect was not due to the trans-
fection itself, as ungated cells within the same population
did not exhibit significantly different cell-cycle profiles
compared to untransfected nck/ cells (transfected cells:
G1 = 51.0% ± 4.5%; total cells: G1 = 35.9% ± 1.5%). Next,
we asked whether NCK overexpression would reverse the
nck knockout phenotype. Indeed, following UV irradiation,
the nck/ cells transfected with NCK1 and NCK2
arrested efficiently in G1 and G2 (Figure 6D) (3 trials/
condition). In addition, NCK expression restored UV sen-
sitivity to nck/ cells in a cell proliferation assay (Figur-
e S4D). We conclude, therefore, that NCK expression
slows progression through G1 and is essential for DNA
damage-induced cell-cycle arrest.
Since SOCS7 is the major transport factor for NCK, we
next investigated whether SOCS7 relocalizes to the
nucleus after UV irradiation. HeLa cells were UV irradiated
and fixed after 1 hr, and the cells were stained for endog-
enous SOCS7. As shown in Figure 6E and Figure S4E, UV
irradiation caused a rapid relocalization of SOCS7 into the
nucleus.
Next, HeLa cells were UV irradiated, fixed at various
time points, and stained for filamentous actin and
SEPT2. Intriguingly, UV irradiation induced many of the
same changes that we observed after septin knockdown
(Figure 6F). Within 1 hr, the cells lost many of their stress
fibers and began to assume a circular morphology. After
2 hr, virtually all cells had lost polarity, and the actin cyto-
skeleton was almost entirely dissolved into small, curved
filaments. In addition, the architecture of the septin orga-
nization was dramatically altered: the clear actin-associ-
ated filaments visible in untreated cells virtually disap-
peared after 2 hr. Similar results were observed
following treatment with hydroxyurea (data not shown).
These data suggested a hitherto unsuspected link846 Cell 130, 837–850, September 7, 2007 ª2007 Elsevier Inc.between mammalian septins, the actin cytoskeleton,
and the DNA damage response checkpoint.
Nuclear Transport of NCK Is Necessary
for Activation of p53
To further explore the link between DNA damage and the
actin cytoskeleton, we examined the role of NCK in the
canonical DNA damage pathway. HeLa cells were trans-
fected with control or anti-nck siRNAs and then UV irradi-
ated, and the effects of NCK depletion on CHK2 activation
were assayed (Figure 7A). We observed that the phos-
phorylated CHK2 on Thr68 was decreased by 50% in
NCK-depleted cells. In addition, the level of CHK2 protein
was reproducibly reduced in NCK-depleted cells, though
the loss of phosphorylation was greater than the loss of
total CHK2.
Next, WT and nck/MEFs were subjected to UV irradi-
ation and probed for activation of ATM, ATR, and p53
(Figure 7B). The NCK-deficient MEFs were able to effi-
ciently activate ATM and ATR in response to UV irradia-
tion. Strikingly, however, they were unable to phosphory-
late p53 at Ser15 following DNA damage. The levels of
phosphorylated p53 were drastically reduced (>90%) in
nck/ cells as compared to WT MEFs and were indistin-
guishable from nonirradiated cells. These data together
indicate that NCK is not necessary for the detection of
DNA damage by ATM/ATR but is essential for efficient
activation of downstream effectors of the DNA damage
response. To examine CHK2 levels in the mouse cells,
we stained control and UV-irradiated WT and nck/
MEFs for phospho-CHK2 (Thr68) and total CHK2 and
analyzed activation within individual cells by flow cytome-
try. UV irradiation of WT cells induced a 2-fold increase in
CHK2 mean fluorescence intensity (mfi) normalized to
total CHK2 protein (Figure 7C). Two distinct populations
were seen: a large population in which mfi increased by
3.3-fold (±0.2 [SEM], n = 4), and a smaller population lack-
ing Thr68-phosphorylated CHK2. nck/ cells, however,
were unable to efficiently phosphorylate CHK2: their over-
all mfi increased by only 1.4-fold, 30% ± 5% (SEM) less
than WT cells. These data are consistent with the results
observed in HeLa cells (Figure 7A).
The results described above show that NCK interacts
with the DNA damage pathway between detection
(ATM/ATR) and effectors (CHK2/p53). We next asked
whether the transport of NCK into the nucleus after UV
irradiation is necessary for full activation of CHK2. As de-
scribed above, NCK was predominantly cytoplasmic in
nonirradiated cells and nuclear in UV-irradiated control-
transfected cells. Importantly, depletion of SOCS7
blocked translocation of NCK to the nucleus in response
to UV irradiation, confirming that SOCS7 is the transporter
for NCK in response to DNA damage (Figure 7D and
Figure S4F). SOCS7 depletion also blocked the morpho-
logical changes induced by UV irradiation (Figure S4G).
Next, to determine whether the nuclear transport of NCK
is necessary for activation of the DNA damage pathway,
we transfected HeLa cells with control or socs7 siRNA
Figure 7. Nuclear Transport of NCK Is Necessary for Activation of the DNA Damage Cascade
(A) NCK is necessary for full activation of CHK2. Control and NCK-depleted HeLa cells were UV irradiated, lysed, and probed for activated and total
CHK2.
(B) NCK is necessary for phosphorylation of p53. nck+/+ and nck/MEFs were UV irradiated, lysed, and probed for total Ran and for activated and
total p53, ATM, and ATR.
(C) NCK is necessary for full activation of CHK2. nck+/+ and nck/MEFswere UV irradiated and analyzed for total or phosphorylated (Thr68) CHK2 by
flow cytometry. Panels are representative of three independent experiments. x axis, fluorescence intensity; y axis, frequency as a percentage of total
cells.
(D) SOCS7 transports NCK into the nucleus in response to UV irradiation. Control and socs7 siRNA cells were UV irradiated, fixed, and stained with
DAPI and anti-NCK. Scale bars = 10 mm.
(E) Nuclear transport of NCK is necessary for full activation of CHK2. Control, NCK-, and SOCS7-depleted cells were UV irradiated, lysed, and probed
with antibodies against phospho-CHK2 (Thr68), pan-CHK2, NCK, and Ran.
(F) Septins regulate the DNA damage response. Control, sept2-siRNA-, and sept7-siRNA-transfected wild-type MEFs were UV irradiated, lysed, and
probed with anti-phospho-p53 (Ser15), total p53, SEPT2, and Ran.Cell 130, 837–850, September 7, 2007 ª2007 Elsevier Inc. 847
and then UV irradiated the cells. SOCS7 depletion de-
creased CHK2 phosphorylation at Thr68, with no change
in NCK or CHK2 expression (Figure 7E). Thus, relocaliza-
tion of NCK to the nucleus is essential for complete activa-
tion of the pathway.
Finally, we asked whether septin depletion would alter
the response to DNA damage. Knockdown of either
SEPT2 or SEPT7 in WT MEFs significantly potentiated
the increase in p53 phosphorylation following UV irradia-
tion (Figure 7F). Importantly, however, septin depletion
did not increase p53 phosphorylation in the absence of
UV irradiation, showing that nuclear trafficking of NCK is
necessary, but not sufficient, for activation of the check-
point pathway.
DISCUSSION
We have identified a new signaling pathway that couples
septins to the actin cytoskeleton through nuclear translo-
cation of NCK by SOCS7. Unexpectedly, this pathway is
linked to the DNA damage checkpoint response. The
SOCS proteins have traditionally been considered to func-
tion as negative regulators of signal transduction path-
ways involving cytokines, growth hormone, insulin, and
leptin, and SOCS7 alters the nuclear localization of acti-
vated STAT3 (Howard and Flier, 2006; Krebs and Hilton,
2000; Martens et al., 2005). We now report that SOCS7
regulates the nucleocytoplasmic distribution of NCK,
that septins bind to SOCS7, and that this interaction is
necessary to maintain both SOCS7 and NCK in the cyto-
plasm. Although we demonstrate direct septin-SOCS7
binding, the mechanism by which septins impact
SOCS7 distribution remains unclear. Neither SOCS7 nor
NCK costained with septin filaments, but there is little
evidence that filaments are the functional form ofmamma-
lian septins, and the key, regulatory pool of septins might
be diffusely distributed through the cytoplasm. Septins
bind to several kinases and phosphatases in a variety of
model systems (reviewed in Field and Kellogg, 1999;
Spiliotis and Nelson, 2006), and it is possible that these
septin-bound enzymes modify SOCS7 and maintain the
cytoplasmic distribution seen at steady state.
Previous reports have shown that loss of septins in NIH
3T3 cells perturbs actin bundles, particularly those under-
neath the nucleus (Kinoshita et al., 2002). These data
appear to contradict observations on MEFs from septin
knockout mice, in which cell morphology and the actin
cytoskeleton appear unchanged (Ono et al., 2005). How-
ever, depletion of a single septin in cell lines by RNAi
results in the loss of other septins within the complex
(Kinoshita et al., 2002; Kremer et al., 2005), whereas dele-
tion within embryos does not alter the expression of other
septin proteins (Ono et al., 2005), possibly because of
compensation or functional redundancy between septin
family members.
In S. cerevisiae, septins are key elements in a morpho-
genetic checkpoint that responds to cytoskeletal pertur-
bations, mediated through the protein kinase Swe1p848 Cell 130, 837–850, September 7, 2007 ª2007 Elsevier Inc.(Keaton and Lew, 2006; Lew, 2003; Longtine et al.,
2000). Recently, septins were reported to bind the CHK2
homolog Rad53, illuminating a link between the check-
point response and morphology in polarized cell growth
(Enserink et al., 2006; Smolka et al., 2006). There is also
evidence that septins function in the mitotic exit check-
point as a scaffold for a microtubule sensor. Thus, yeast
septins and septin-dependent kinases may coordinate
microtubule and actin functions in cell division (Castillon
et al., 2003; Kusch et al., 2002). We now propose that ver-
tebrate septins perform similar functions. SEPT2 binds
and inhibits the microtubule-associated protein MAP4
(Kremer et al., 2005); it also decoratesmicrotubules during
mitosis and might regulate the spindle assembly check-
point (Spiliotis et al., 2005). Our present results demon-
strate a link between septins, the actin cytoskeleton, and
the DNA damage checkpoint response. However,
whether the septins integrate all of these functions
through recruitment of protein kinases, as in yeast, re-
mains to be determined.
We propose that a complex composed of septin
proteins (including SEPT2, 6, and 7) interacts with the
nucleocytoplasmic shuttling protein SOCS7 in such a
way as to maintain it predominantly in the cytoplasm at
steady state. SOCS7, in turn, binds to and retains NCK
in the cytoplasm. Both proteins, however, are constantly
shuttling between the two compartments, and, following
DNA damage, SOCS7 and NCK accumulate in the nu-
cleus. This accumulation is essential both for morpholog-
ical changes and for the activation of downstream mem-
bers of the DNA damage kinase cascade. In the
absence of either protein, the activation of CHK2 and
p53 is inhibited, and cell-cycle arrest does not occur. In
the absence of septins, activation is potentiated. Nuclear
accumulation of NCK is, however, insufficient to induce
CHK2/p53 activation in the absence of ATM/ATR acti-
vation, which occurs only following DNAdamage. Concur-
rently, depletion of NCK from the cytoplasm results in de-
fects in signaling to the actin cytoskeleton and loss of cell
polarity. Therefore, the spatial distribution of NCK plays
a pivotal role in coupling the DNA damage checkpoint to
actin dynamics. Interestingly, NCK has recently been im-
plicated in cellular responses to endoplasmic reticulum
stress, which leads to the inhibition of translation (Latreille
and Larose, 2006). Thus, NCKmay function as a pivotal in-
tegrator between mitogen-stimulated growth signals and
a variety of stresses that inhibit cell growth and division.
EXPERIMENTAL PROCEDURES
Constructs, Cell Culture, and Transfections
HeLa cells were grown in DMEM with 5% calf serum and 5% fetal calf
serum. siRNAs (Kremer et al., 2005) were purchased from Dharmacon,
Inc. and were transfected with Oligofectamine (Invitrogen). For siRNA/
DNA cotransfections, cells were transfected with siRNA using Oligo-
fectamine and, after 48 hr, with plasmids using FuGene6 (Roche)
and were then grown for an additional 24 hr. MEFs were grown in
DMEM containing 10% FCS and transfected using Lipofectamine
2000 as described previously (Smith et al., 2005). Construction of
NCK2, NES- and NLS-NCK1, and full-length SOCS7 constructs is
described in Supplemental Data.
Immunofluorescence and Immunoblotting
Antibody and reagent sources are given in Supplemental Data. Immu-
nofluorescence staining and immunoblots were performed as
described previously (Kremer et al., 2005). Images from random fields
were captured on a Nikon TE200 inverted fluorescence microscope
with a 603 water immersion lens (NA = 1.3) and an ORCA charge-
coupled device camera (Hamamatsu) controlled by Openlab 5.0
software (Improvision). Shape factor was measured using the formula
4pA/P2. Probability (p) values were calculated by a two-tailed
Student’s t test. To quantify nuclear versus cytoplasmic distributions,
protein staining was scored as cytoplasmic if the intensity was greater
in the cytoplasm than in the nucleus, nuclear in the opposite case, or
equal if no difference was observed between nucleus and cytoplasm.
Cell Spreading Assays
Cell spreading assays on fibronectin were performed as described
previously (Joberty et al., 1999). Control or septin-depleted cells
were resuspended and plated onto LabTek II chamber slides coated
with 50 mg fibronectin (Sigma). Cells were fixed and stained as de-
scribed previously (Kremer et al., 2005). Cell areas were measured
by collecting random fields at 203 magnification and analyzed using
Openlab software.
Immunoprecipitations
To coimmunoprecipitate septin binding partners, cells were lysed as
described previously (Joberty et al., 2000). The lysate was cleared
by centrifugation, and the supernatant was added to protein A-
Sepharose beads (Sigma) precomplexed with monoclonal anti-GST
or anti-SEPT6 hybridoma supernatant (Kremer et al., 2005) and
agitated for 1 hr at 4C. The beads were washed three times in 20
bed volumes each of wash buffer (Joberty et al., 2000) and then resus-
pended in 1 bed volume of 23 SDS-PAGE buffer. For coprecipitation
of expressed protein, HEK293 cells were transfected using Lipofect-
amine 2000 (Invitrogen) 24 hr prior to lysis and immunoprecipitation.
DNA Damage and Cell-Cycle Analysis
To induceDNAdamage, growthmediumcontaining 2mMhydroxyurea
(HU), 1 mM mitomycin C (MMC), 10 mM thymidine, or the appropriate
volume of vehicle was added to each well. For UV irradiation, cells
were grown overnight, washed once in PBS, and exposed to 20 J/m2
of UV-A radiation. The PBS was aspirated and growth medium was
added. The cells were grown for the times indicated, fixed, and stained
asdescribed above. Immunoblotswereperformed1hr after irradiation.
For flow cytometric analysis of UV-irradiated cells, the cells were
washed twice in PBS, detached by addition of 5 mM EDTA plus
1 mM EGTA in PBS, and fixed in ice-cold 70% ethanol for at least
2 hr. The cells were washed three times in PBS, and equal numbers
of cells were resuspended in 500 ml Vindelov’s solution (Sibani et al.,
2005). Analysis was performed 29 hr after UV irradiation on a Becton
Dickinson FACSCalibur. Fluorescence compensation and cell-cycle
analysis were performed using the FlowJo version 6.4.2 analysis pack-
age (Tree Star) and the Dean-Jett-Fox model (Fox, 1980). Cell-cycle
analysis of NCK1/2-transfected cells and CHK2 staining of WT and
nck/ MEFs are described in Supplemental Data.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
four figures, and two movies and can be found with this article online
at http://www.cell.com/cgi/content/full/130/5/837/DC1/.
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